In evolutionary plant breeding, crop populations with a high level of genetic diversity are subjected to the forces of natural selection. In a cycle of sowing and re-sowing seed from the plant population year after year, those plants favored under prevailing growing conditions are expected to contribute more seed to the next generation than plants with lower fitness. Thus, evolving crop populations have the capability of adapting to the conditions under which they are grown. Here we review the current state of research in evolutionary plant breeding and concentrate on the ability of evolving plant populations to deal with stressful, variable, and unpredictable environments. This resilience of evolving plant populations is seen as a major advantage under the predicted threats faced by agriculture such as global climate change. We have conducted an analysis of the strengths, weaknesses, opportunities and threats of this breeding approach and suggest how its concept can be broadened and expanded. Given the current legal restrictions for realizing the potential of evolutionary plant breeding, we call for a change in legislation to allow evolving crop populations to enter agricultural practice on a larger scale.
Introduction
The amount and nature of the food to be provided by the year 2050, when the human population is forecast to peak, is a matter of debate. Less contentious, however, is that even to maintain production of major staples such as wheat will be difficult because of serious constraints [1] . These include climate instability [2] , the impact of climate change on plant pests and diseases [3] and the decline of non-renewable resources [4] . In addition, there is mounting pressure expected from increasing biotic stresses, as intensifying global trade and mobility aggravates the risks of pest, weed or pathogen species becoming invasive [5] . At the same time, resources that are needed to mitigate and counter-balance these pressure factors are predicted to get scarcer and to rise in costs [1] . Given the combination of these pressure factors, the stakes are high in the debates about which coping strategy is most appropriate for the future of agricultural production [6, 7] .
What is the current approach of conventional plant breeding in the attempt to tackle these problems? Since the response of plants to stress factors varies among different genotypes the prevailing strategy is to exploit this variation by selecting those genotypes that are best adapted to the stress factor in question, e.g., through heritable drought resistance [8] , and to combine these traits via crossing with other desirable traits. By means of repeated backcrossings and other techniques, genetically uniform crop cultivars are produced with the appropriate combination of traits that allow the plants to perform well under stressful environmental conditions. Through their unchanging appearance over generations, these cultivars demonstrate what, under plant variety legislation, is termed 'stability' [9] . This genetically dominated legal meaning of stability contrasts with the use of the term in agronomy, where various statistical concepts of stability focus on how little the yield or quality of a crop varies over locations or time [10] [11] [12] .
However, as we argue in this paper, the approach of creating uniform and genetically 'stable' cultivars that are deployed over large areas in monocultures is inappropriate for dealing with the current and predicted threats to agriculture. The response of these genetically uniform cultivars is not buffered against environmental fluctuations and novel stress factors when the direction and range of environmental changes are highly unpredictable [13] . Although well equipped to cope with one particular stress, they may not be able to cope with other stresses in a changing or fluctuating environment. In view of such variability, we argue in this paper that wider adaptation is needed, and that this can be achieved via extended intra-specific plant diversity.
If the aim is indeed to increase crop diversity in the field there are two general options: First, farmers and breeders could create diversity anew each year, e.g., by buying seed from, say, ten different varieties and sowing a mixture with the same proportions of all varieties every year. Second, in the case of cereals or grain legumes, sub-samples of harvested grain could be saved and subsequently sown in the following cropping season, year after year. In this second scenario, plants that have produced more seed will contribute more to next year's seed. Saving and re-sowing seed over several plant generations may therefore favour a gradual increase in reproductive fitness of the plant population through Darwinian selection. This approach, termed evolutionary breeding, generates plant populations that are neither uniform nor 'stable' (in the legislative sense); on the contrary, they are genetically highly diverse and changing in their genetic constitution over time.
In this review we use the word population (or, as synonyms, 'plant population' or 'crop population') as a general term for a (large) number of plants in one location (field), in which individual plants are not genetically identical to each other. Two special cases of populations are Composite Cross Populations (CCPs) and varietal mixtures, determined by the way in which they were created, i.e., by crossing in the case of CCPs, and by physical mixing seed of existing varieties in the case of varietal mixtures. As and when the frequencies of different genotypes in the population will change from season to season, depends on the genetic variation available and the strength and direction of environmental variables, the CCPs and varietal mixtures are evolving populations.
In this sense, CCPs and varietal mixtures are similar to traditional landraces [14, 15] , which are also populations of cultivated plants. Therefore CCPs have been called 'modern landraces' [16] . However, although there is often genetic diversity within landraces, this is not necessarily the case; also, landraces are characterised by additional properties, such as historical origin, lack of formal crop improvement, and association with traditional farming systems [15] . Here we concentrate on CCPs and varietal mixtures, although many of the considerations will also apply to genetically diverse landraces.
Since the classical study on evolutionary plant breeding was published more than half a century ago [17] , and despite the prolific research conducted by Robert W. Allard and co-workers [18] [19] [20] evolutionary breeding techniques have not yet found their way into mainstream commercial breeding practice [21] . However, in recent years there has been a marked surge of interest from both plant scientists and breeders in this area (Table 1) .
In this paper, we explore the potential benefits and drawbacks of evolutionary breeding and provide a summary of its current state. We look beyond the present developments and suggest how evolutionary plant breeding can expand and move on to contribute to solutions to the pressing problems of agriculture. As the instrument for evaluating the current state of affairs we use a SWOT analysis, listing and discussing the Strengths, Weaknesses, Opportunities and Threats of evolutionary plant breeding with and without the use of natural selection (evolutionary breeding), and comparing these approaches with the use of monocultures. 
Theoretical Foundations of Evolutionary Breeding

The Stages of Evolutionary Breeding
Evolutionary breeding involves four stages (Figure 1 ). In the first stage, which in principle is not different from conventional breeding, genetic diversity is created, e.g., by hand crossing parent plants or by mixing multiple cultivars. The second stage is a cycle of multiplication of seeds from each cross or from varieties separately; seeds of each cross are then equally mixed to produce the first generation of the CCP. After the initial crosses, the entire offspring is sown to grow and set seed. The result is then a crop population, which, in the case of generating it via crosses, is called a Composite Cross Population (CCP). In the third stage, as the number of plants in the population increases, a proportion of the harvested seed is saved for sowing, again without active selection of individual plants. The fourth stage concerns the output of the evolutionary breeding process: while the grain can be used as food or feed, it can also be used to provide input into plant breeding, via selecting single plants that can be used as new genetic material in further breeding programs or as parental material for new composite crosses or other evolving populations. 
Effects of Genetic Diversity in a Non-Evolving Crop
Genetic diversity is a central requirement for evolutionary breeding. However, not all genetically diverse crops 'need' to evolve. While CCPs cannot be reconstituted to the same specifications each year, this would, as pointed out above, be possible for varietal mixtures. For the sake of clarity of the argument we first consider the effects of diversity per se, in a diverse but non-evolving crop population and then move on to explore the additional effects of evolution in the next section.
Crop diversity has four major beneficial effects. The first is complementation. When genotypes grown together in a diverse population have different profiles of resource use they complement each other in the exploitation of the limiting resource and therefore are subject to smaller between-plant competition. Such effects can be realised by mixing genotypes of different rooting patterns (shallow vs. deep), or different light interception strategies. In a similar vein, mixing genotypes with complementary resistance patterns exerts less selection pressure on pathogens and thus reduces the risk of new virulent strains appearing [22] .
The second effect of genetic diversity can be termed cooperation and involves phenomena such as induced resistance against plant pathogens. For example, in the relationship between cultivated barley (Hordeum vulgare L.) and the cherry-oat aphid (Rhopalosiphum padi L.), some barley genotypes can produce volatiles which induce other barley genotypes to become more resistant to pest attack [23] . Also, with greater distance between susceptible genotypes there is a reduced dispersal of pathogens through the plant stand [22] .
The other two effects are realised in two contrasting situations and can be summarized as compensation and capacity. Let us first consider compensatory effects. Imagine a variable environment in which a key environmental variable X (e.g., temperature at flowering) has a given frequency distribution with a mean value of x 1 (scenario 1, shown by the bold line in Figure 2 (A); modelling methods see Appendix, note 1). In this situation, a genotype G 1 is best adapted on the long term, with its maximum performance coinciding with the value x 1 at which the environmental variable peaks in frequency (bold line, Figure 2(B) ). Now consider that the environment changes, with the mean temperature shifting towards hotter, i.e., more stressful conditions (x 2 in Figure 2(A) ). Simultaneously, its variance increases, resulting in a broader frequency distribution function, i.e., also the frequency of cold conditions is higher than before (scenario 2, fine line in Figure 2(A) ). These assumptions reflect predictions of climate change research about regionally changing means and increasing variance [24] . As a consequence of the shift and broadening of the distribution function, the overall performance of G 1 , measured as the average yield over several years, decreases because more extreme temperature conditions are now more prevalent for which G 1 has a sub-optimum yield response (Figure 2(C) , light grey columns, compare scenario 1 and 2). At the same time, the frequency of low yields in G 1 increases from scenario 1 to scenario 2, i.e., yields below a set threshold, e.g., 20% of the maximal yield, become more common (Figure 2(D) , light grey columns).
Let us now compare this outcome with the response of a simple mix in which two new genotypes G 2 and G 3 are added to G 1 and all three are present in equal proportions. This mix represents a simplified case, illustrating the behaviour of varietal mixtures or CCP. We assume that while G 2 has its optimum yield at x 2 and is therefore better adapted to the new hotter climate, the response of G 3 peaks on the left hand side from x 1 so that the resulting overall yield response function of the mixture ( Figure  2 (B), fine line) has its maximum still at x 1 . In this respect the mix is not different from G 1 . As a consequence of mixing the three genotypes with their differing optima, the performance of the mix at the extreme ends of the temperature spectrum lies above the yield level of G 1 grown on its own Figure 2 (B). Conversely, in the middle range of temperature, the single genotype G 1 outperforms the mix because G 2 and G 3 are not performing optimally there and reduce the mix's yield level. Overall, in this model the mix has a lower average yield than the more specialist crop G 1 , although this difference is smaller in the more variable environment Figure 2 (C). However, the risk of low yields decreases by using the mix and this advantage is more pronounced under the higher variability conditions of scenario 2 (Figure 2(D) ). In the mix, as one genotype fails, another one compensates the failure. In other words, the genotype diversity provides insurance against environmental fluctuations [25] . It could of course be argued that the best response to the new environmental conditions (Figure 2(A) ) would be to grow genotype G 2 only, which performs best at x 2 , the new peak of the environmental frequency distribution. Unfortunately, however, there are several problems with this approach: First, the exact position of x 2 is subject to uncertainty and might be difficult to establish. Because of the large variance of X, it might be some time before it is realised in which direction the mean is shifting. Second, it will be difficult to establish experimentally that G 2 is now indeed better suited than G 1 grown under the previous conditions, because of genotype by environment interactions. Third, if the tolerance of genotype G 2 is narrow relative to the distribution function of X, G 2 will still suffer from frequent poor performances when X deviates from its mean value. Indeed, the larger the environmental variance, and the larger the uncertainty about the position of x 2 , the higher the advantage of the mix over the specialist G 2 in terms of reducing the risk of a calamitous crop failure. However, on average over a long time period, G 2 would still outperform the mix.
Importantly, a genotype with the properties of G 2 must be available in the first place, i.e., there must be the capacity to deal with the specific environmental condition. Thus, crop diversity (in gene banks, in the field or via new crossings) is a central requirement to provide this capacity of specialist response. The trade-off between the capacity of single genotypes and the compensatory power of diversity as illustrated in Figure 2 is one of the most fundamental issues of ecology, the specialist vs. generalist problem. Should we deploy diversity by growing specialists all targeted at different environments or by growing a generalist mix grown in several different environments? Scientists promoting the need for an increased use of crop diversity in the field have usually emphasised the importance of environmental variability. On the other hand, targeted breeding of uniform and 'stable' varieties for specific stress conditions has been seen by conventional breeders and researchers as the appropriate response. So far, these two views have not been reconciled.
Our simple model demonstrates that the decision on whether to use a specialist genotype or a diverse generalist mix depends on three parameters: (a) the size of the environmental variance; (b) the position of the environmental mean x 2 relative to where on the environmental scale the performances of available genotypes peak; and (c) the degree of uncertainty about the position of x 2 . All three parameters however, are subject to uncertainty and are therefore difficult to predict. It is hard to quantify how uncertain and variable the environment will be. Therefore, finding the best strategy of deploying crop diversity is a great challenge. The relative advantage of diversity-based over specialist (e.g., stress resistant) genotypes depends critically on the unpredictability and relative strengths of different stresses, but it is unknown how much, at what spatial level, and what kind of diversity is needed in relation to specialist approaches (such as tolerance of high temperatures), for building resilient cropping systems. However, as we show in the next section, evolutionary breeding, as illustrated in Figure 1 , offers an elegant solution to overcome this challenge.
The Evolving Crop in a Changing Environment
When grain from a diverse population (varietal mixture or CCP) is harvested and a proportion re-sown in the next season, the genotypes that performed well in terms of grain number and grain fitness will increase their proportion in the next generation relative to poor performers. Let us now consider the effects of a shifting environmental mean and an increasing environmental variance on the properties of such a diverse and changeable population over time, using the same two scenarios as in Figure 2 (A).
Instead of three genotypes in a mix (as in the example above) we now have a very large number n of genotypes G i with i = (1, ..., n) in the population, each with the peak performance at a particular environmental value x i . Assume further, for the sake of simplicity and as an initial condition before starting the evolutionary process, that the frequency of individuals depends on x, in the way that individuals of more stress tolerant genotypes are (initially) rarer than of those with peak performances at moderate values of environmental conditions (also see note 2 in Appendix).
In addition to variation in the value of X at which their performance is highest, the different genotypes in the evolving population may also vary with respect to the breadth of their individual yield responses to X, i.e., the width of their individual ecological tolerances (compare Figure 2(B) ).
Let us first consider how the diversity of genotypes in the population changes over time. Starting with the maximal degree of diversity of the population, we can expect that this diversity will decrease over time, because genotypes with optima far from the prevailing environmental condition will decrease in frequency. Conversely, those genotypes performing best in the average environmental condition will increasingly dominate the population. Confirming the theoretical expectation of decreasing diversity over time, experimental work shows the tendency of a decrease in phenotypic variability from F3 to F18, e.g., in plant height, spike length, and heading time [26] .
An important question arising from these considerations is whether resistance to plant pathogens in the evolving population will disappear when there is no selection pressure, (i.e., when the pathogen is absent), so that subsequent generations are vulnerable to the re-occurrence of the pathogen. Encouragingly, there is evidence that this may not necessarily be the case. When an American barley population previously unexposed to powdery mildew was moved to England, where the pathogen was present, resistant alleles were still present and increased significantly in frequency [27] .
If environmental variation is large (e.g., as indicated by the fine line in Figure 2 (A)), diversity will stay in the population for a longer period of time, because the selection pressure is less severe on those genotypes performing best away from the environmental mean. Similarly, including genotypes with broader ecological tolerance will keep the diversity of genotypes longer in the population, since the differential between the performances of different genotypes is less marked than with more specialist genotypes and therefore selection forces act more slowly. The effects of broad tolerance genotypes in evolving populations are of particular importance for wheat, because wheat shows a large tolerance and plasticity already in uniform pure line varieties due to its hexaploid nature and the resulting intergenomic heterosis, providing many triple versions of genes in the overall genome [28, 29] .
How does the overall performance of the population develop over time? As pointed out above, we would expect a gradual increase of the yield level of the evolving population as the most successful genotypes make up an increasing proportion of the population. Again, this theoretical expectation is backed by empirical evidence [17, 26] . Of course, over time this effect of yield increase will gradually decline, as the population reaches an equilibrium state in its environment-provided that the environmental mean is indeed stable. Even with a constant mean however, the process of yield increase will take longer when environmental variation is large because the selection pressure on genotypes with different response functions will be less consistent: The environmental conditions will favour some genotypes in one year, but different ones in the next. Therefore, the course of yield levels over the years will also be more erratic, i.e., yield may decrease rather than increase in a number of years.
Interestingly, the initial distribution of genotypes in the population also plays a major role for the potential improvement of the evolving population's performance over time. When considering the response to a changing environment, a more even distribution of genotypes in the population will lead to a larger and faster improvement of yield over time, because those genotypes with the best pre-adaptation to the new environment will already be present in the population at a higher frequency. On the other hand however, the stronger improvement with a more even distribution of genotypes also results from the initial low performance, as a high proportion of genotypes is grown outside their optimal conditions. A further key parameter is stability of performance over time [30] . Naturally, larger environmental variance will result in lower stability. The evolving population will also show lower stability if it is composed of genotypes with relatively narrow environmental tolerance functions. This is because, with narrowly adapted genotypes, the selective effect of each year with its particular environmental condition leads to stronger domination of particular genotypes. Subsequent environmental changes are then met by these dominant genotypes pre-adapted to the different condition of the previous year, but less adapted to the current year. In contrast, genotypes that have a broader response to the environmental variable will change more slowly in frequency within the population, resulting in higher buffering capacity and stability across fluctuating environments.
Summarizing these effects, there are trade-offs between overall performance, diversity and stability when using an evolving population: Larger improvement over time is correlated with a higher loss of diversity and a lower stability over time. However, these very properties of the population provide the solution to the problem discussed above; the difficulty lies in how to decide on the best strategy for deploying crop diversity for contrasting situations.
When environmental variance is large, the evolving population will keep diversity longer [31] , thus providing a buffer against the environmental fluctuations through compensatory effects. On the other hand, when environmental variance is small, selection forces will drive the evolving population relatively quickly to a targeted composition of genotypes that are well adapted to the (new) environmental mean. Populations in markedly different environments will diverge in their composition of genotypes [32] , thus exhibiting the capacity aspect of diversity. In effect, we do not need to know the size of the environmental variance (or even the direction of where the mean is going) to decide whether to grow a more diverse 'mixture' or a targeted genotype, because this will be decided by the evolutionary forces acting on the population. In this sense, an evolving population could be called an 'intelligent' crop.
So far we have only looked at the response to a single environmental variable moving towards more stressful conditions. However, plants always face a combination of different stresses varying in predictability. An ideal strategy could therefore be to deploy diversity buffering against unpredictable stress factors, but within this diverse system to use genotypes adapted to more predictable stresses.
Limitations of Evolving Populations
Within an evolving population a major force is competition between different genotypes. In addition, there is also competition for resources (e.g., photosynthates or water) within each plant. These competition effects may limit what evolving populations can achieve; in particular, three main points can be raised.
The first is the issue of grain size vs. number of grains per plant. Both parameters influence the reproductive fitness of each genotype and therefore determine its frequency in the evolving population. However, the contribution of grain size and grain number to a genotype's frequency may not be equal. In particular, a genotype A with a high number n A of small grains (weight w A ) may have a higher effective fitness than a second genotype B with a smaller number n B of larger grains (weight w B ). Even though the yield of genotype A might be slightly smaller than that of B (n A w A < n B w B ), A's fitness could still be greater than B's. In this case, the yield of the evolving population would decrease over time, with a reduction in grain size that is not compensated by the increase in grain number. As with the potential increase of the population's yield, however, there is a limit to how far grain size can decrease as the reproductive fitness will begin to be affected.
Second, there is a trade-off between individual and population performance [33] ; while the former is the target of natural selection and the latter is the target of agricultural production. When different genotypes compete against each other for abiotic resources, they may differ in the strategy of how resources within the plant are allocated to competitive ability. For example, a genotype may invest strongly in root biomass (to compete for nutrients and water) or in plant height (to compete for light), thereby gaining high competitive ability against other genotypes. The price for this investment is a loss of potential grain yield since a proportion of the photosnythates goes into competitive mechanisms (e.g., root or shoot) rather than grain biomass. Following this idea, Zhang et al. [34] argue that maximizing grain yield in the population is not an evolutionary stable strategy, as the population can be invaded by genotypes with higher investment in competitive ability but lower grain yield. Supporting Donald's concept of the crop ideotype [25] , these authors recommend that uniform crops should be bred that show relatively low competitive ability, so that resources within the plant are freed up for grain biomass that would otherwise have gone into the root or shoot system [35] .
A counter-argument against this analysis is that the strategy would only work in a weed-free system, where weak competitors are not penalised by the effects of weed plants that invest in competitive ability but do not produce any grain. Unless there are separately inherited mechanisms of inter-and intra-specific competitive behaviour, a population could not evolve that is strongly competitive against weeds as a whole (interspecific competition) but simultaneously consists of individuals that exert low competitive pressure on each other (intraspecific competition).
Another weakness in this analysis is that it does not consider resource use complementation between different genotypes, as indeed Zhang et al. [34] assume complete niche competition.
Nevertheless it needs to be tested empirically whether an evolving plant population moves towards higher competitive ability, and, if this is indeed the case, whether this effect is linked to a loss of yield potential. One relatively easy way to test this would be to study the plant height of an evolving population over several generations. In an early study on barley populations, Allard & Jain [26] found no increase in plant height over the course of fifteen successive generations, while other studies on barley populations suggested that natural selection favoured taller plants [31, 36] .
A third, more applied issue is the potential trade-off between grain yield and grain quality, in particular grain protein content. A negative link between yield and protein is well known for wheat, i.e., genotypes with high grain yield potential are often characterised by low protein content and vice versa [37] . If a population is evolving towards a higher frequency of high-yielding genotypes because these show greater reproductive fitness, it could therefore be hypothesized that at the same time the overall grain protein of the population may decrease over time. Again, empirical tests are necessary to test this hypothesis; however, if the undesired effect of decreasing protein content is confirmed, it can be counteracted by appropriate mass selection or choice of high protein parent material (see below).
Finally, there is the possibility of disease (or pest) problems in the evolving population. In general, it can be expected that the proportion of susceptible genotypes decreases over time as long as their fitness is lower than in resistant genotypes. However, in case of genetic linkage, i.e., if relative fitness in the evolving population is linked to other plant traits that are highly correlated with susceptibility to disease, susceptible genotypes could be maintained in the evolving population [38] , e.g., if a fitness gene and susceptibility gene are located near to each other. Such 'genetic hitchhiking' effects [39] could limit the potential that the evolving population can achieve, and the resulting background level of disease might therefore rise above acceptable thresholds. They are of special concern in inbreeding crop species where no recombination takes place that could break disadvantageous genetic linkage. This highlights the need for frequent recombination, e.g., through the usage of male sterile parents or similar mechanisms.
Genetic Aspects of Evolving Crop Populations
A crucial question for the ecology of an evolving population is whether, over time, novel genetic variation enters the population in the field. This can have implications for the emergence of new traits. For example, in a barley CCP Saghai-Maroof et al. showed that no scald resistant alleles were present in the original parental population, but after 45 generations of selection in a scald infested environment, resistance alleles were found [40] .
A further highly interesting question with regard to evolving crop population arises from epigenetic effects, i.e., from the possibility that changes in gene expression and gene regulation acquired in response to environmental conditions may be passed on to the next generation [41] [42] [43] . The evolutionary effects of epigenetic phenomena, which are particularly prevalent in polyploid species, depend to a large extent on reversibility. If epigenetic changes are not reversible, i.e., they are fixed in response to the environment, the result is a narrowing of the tolerance in the particular genotype: While the parental generation had an initially high plasticity regarding the particular environmental conditions in one year, these conditions have led to an altered epigenetic profile. The next generation (which has inherited the acquired way of responding to the environment) will then be pre-adapted accordingly. As a consequence of such epigenetic effects, the population may be able to adapt more quickly to environmental changes. Importantly, such adaptations can only be exploited if the population is re-sown under the same conditions (e.g., at the same site), but this is not possible in common centralized breeding. At the same time, however, in highly variable environments epigenetic effects, with their resulting narrowing of tolerance will mean lower stability over time (see above).
If epigenetic changes in the population are reversible their effect could in principle mean a broadening of the tolerance of individual genotypes, which in turn would result in a slower decrease of genetic diversity over time. However, this is complicated by generational delay of the epigenetic effects. Currently, not enough is known about the evolution of epigenetic profiles in plant populations to assess the net effect on genetic diversity and stability of performance.
Options in the Process of Evolutionary Breeding
Options for Initial Creation of Diversity
An important question for evolutionary breeding is how to create and extend intra-specific diversity. There are six decisions to make:
Varietal Mixtures or Composite Crosses
The first decision is whether to use crosses or physical mixtures of pure line varieties. In principle, (reconstituted) mixtures have the advantage of being legal under current legislation (see below) whereas the trading of non-uniform crop populations is presently illegal. Also, when creating mixtures it is possible to generate much larger quantities of seed early on, whereas crop populations will need a phase of seed multiplication before they can be used on a farm-scale. However, populations have the advantage of a much larger pool of genetic diversity.
Number of Parents
The second choice-key for the success of an evolving population-concerns the number of parents for the establishment for CCPs. There are two extremes: On the one hand, one could use only two different parent varieties [44] . On the other, as many parents as physically possible would be crossed with each other. Here, the trade-off lies in the number of crosses per parent-combination that can be made. With a given number of offspring plants, the two-parent option would be able to generate many different F1s of a single cross. With many more parents, as in the second option, fewer F1s per parent combination would be possible. Which strategy is better will depend on the relative importance of the presence of genes versus the effect of recombination of the same genes in different ways. Thus the decision will also depend on how genetically different the parents are [45] (also see below). During the last few years some studies have been carried out to measure the necessary minimum number of parents to establish evolutionary populations; experience from Hungary with bread wheat, using different number of parents, suggest that the necessary minimum for the establishment of a successful population is around 7 parents, and the optimum is around 12 parents [45] . The same study found that under extreme or marginal environmental conditions more parents are needed than under nearly optimal conditions.
Identity of Parents
A third question is the identity of the parents. Although it is advisable to make wide use of gene bank material or even of novel species structures (see below) observations from the USA suggest that using too many varieties unadapted to the target region can result in poor yielding CCPs with many deleterious traits (Murphy, pers. observation). The choice of parent material greatly depends on end use: with a more specific use in mind it is appropriate to constrain varieties to that use (for example, high yield potential for feed wheat, or high baking quality, or good drought resistance). As argued above, a good strategy would then be to ensure wide functional diversity outside those constraints [22] . However, because of potential complex intragenomic interactions and linkages [46] this may be difficult to achieve. In any case, the decision on which parents to include will depend on the assessment of risk and environmental variability. For example, the decision of whether or not to include a highly stress tolerant parent with an overall low yield potential will be dependent on how frequently these stress conditions are expected to occur. A useful compromise could be to adjust the proportion of seed in the initially generated bulk CCP, with the proportion of the stress-resistant parent, tuned according to the perceived risk of that stress factor (see below); however, this brings us back to the problem of unpredictable environments.
When homozygous parents are used in creating CCPs, early generations will be characterised by a heterosis effect. This may be seen as a disadvantage in the evolutionary breeding process. Some useful alleles may be selected out in the early generations when present in heterozygous genotypes, although they would have performed well when present as homozygous ones. A possible way of counteracting this effect would be the use of double haploids when creating the populations (but see section 3.1.4).
A commonly used way of parent selection is based on the success of different varieties in the production. In this case, varieties cultivated over many years in practical production under different ecological conditions are used as parents [47] . The use of such successful varieties ensures that all components of the populations carry important adaptability characters, and exhibit good agronomic performance. Theoretically, the use of these types of parents will result in a population which could have large-scale adaptability in combination with relatively high yield and yield stability under predominant farming conditions. However, in regions where the predominant agricultural system is characterized by high inputs, these populations may not be well adapted to more marginal conditions.
To create CCPs for marginal environmental conditions a parental selection system based on locally used varieties and landraces could be more effective. Here, the best way for parental selection is to explore whether locally adapted varieties and landraces are still available, or to search gene bank accessions which were collected at or close to the location.
A further concept in establishing CCPs is the establishment of elite CCPs. In this case, the parents are selected from elite breeding material namely the best adapted pure lines at the trial stage (compare Table 1 ). The basis of parental selection is their similar agronomic performance having different genetic background. Breeding lines having different pedigree (no common parents in the pedigree) are grown in a simple spike row, and characterised for the most important agronomic and technological characters, such as plant height, flowering and ripening time, spike characters, etc. and the offspring of the selected rows are used for crossing.
Finally, the inclusion of male sterile components in the establishment of CCPs appears to be more relevant under more extreme environmental conditions, where high rates of recombination would allow for a better adaptation, due to the constant creation of new genetic combinations (Kovács, pers. observation).
Initial Population Development
There are different options to generate the populations. We recommend using a half-diallel approach to generate as much F1 seed as is practically possible so as to maximise the F2 segregation for the largest possible number of different segregants, since maximising transgressive segregation is an important target of population breeding.
Normally CCPs are developed by using diallel or half diallel crosses to minimize relatedness of the components in which all parents are crossed with all the other ones. The difference between the two crossing systems is the presence or absence of reciprocal crosses, where possible maternal inheritance can cause differences. In general no maternal effects could be expected for the majority of the agronomically important traits, but in some special cases, where cytoplasmic inheritance is involved in the expression of traits, the reciprocal crosses could be of high importance. In the case of bread wheat, generally the half diallel crossing scheme is the most frequently used method to establish CCPs. However, in cases where cytoplasmic substitution parents are included the use of complete diallel crossing system is often necessary. For example, in some new composite cross populations Triticum timopheevii has been used to introduce resistance and here the maternal inheritance is significant.
If the CCPs are intended for organic agriculture, plant breeding methods for creating the CCP should follow agreed principles of organic plant breeding; in particular, some techniques, such as the use of double haploids, male sterility or interspecific crosses (see below) may be seen critically [48, 49] . However, we feel that more discussion is needed on these specific issues before firm recommendations can be given to organic plant breeders.
Proportion of Seed
Regarding the proportions of seed from different genotypes in the initial population, there are, in principle, two options. Either seed from all crosses goes into the population in equal proportions, or the proportion is varied between different crosses. For example, there might be a parent line that provides resistance against a rare but severe stress factor but has a low yield under non-stress conditions. As indicated above, it is useful to introduce offspring from this parent in a lower proportion than from a parent line with high yield potential if the stress condition is indeed considered to occur very rarely. Conversely, the more variable the environment the more even should the initial proportions of (functionally) different genotypes be.
Number of Populations
Finally, it needs to be decided how many different populations should be created. As currently crop populations are not grown widely,at least not in countries with a high proportion of industrialised highinput agriculture,-it is useful to create more than one population so that more can be learned about their behaviour in comparative trials. Creating more populations (from different sets of parents) will of course increase overall diversity but the bottleneck of the multiplication phase needs to be passed by each population separately. On a given amount of land, creating more populations therefore means a delay in getting them to farm level. Again, the useful number of populations will depend on the diversity of specific end uses and target areas. In any case, starting with a highly diverse population in several locations will lead to gradual divergence, resulting in a number of more or less distinct, locally adapted crop populations.
Options for (Additional) Selection Forces
Once a population is created, there are several options of how to apply selection to them. So far we have mainly focused on natural selection, where no direct choice of genotypes by humans is done. Here, the outcome of the selection process depends entirely on the environment. Environmental selection forces can include factors that are entirely constant at a given location, such as day-length [50] , or more variable factors like rainfall patterns. However, selection forces can also include measures of crop husbandry. For instance, populations can be subjected to the differential selective effects of organic or conventional management, specific soil management practices such as minimum tillage or intercropping (see below). Apart from natural selection there are two more options: mass selection and manual selection.
Mass selection is the simultaneous selection of a large number of plants or grains with similar but not entirely uniform properties. For example, by passing cereal grain through a sieve before sowing, smaller grains can be separated from larger ones. Because large seed size improves the chance of a seed to develop into a vigorous plant, sieving out the small-grain fraction before sowing and then sowing only the larger seeds should lead to higher yields [51, 52] . Consequently, by continually saving seed from the large size fraction and sieving it before sowing, the population could gradually increase both in grain size and in yield over time. However, the morphology of the wheat ear sets a boundary to such a gain in yield as it literally leaves little room for limitless grain size increases. Therefore, wheat breeders have traditionally considered grain size as not holding much potential for yield improvements. However, if there is variation of grain size, sieving does offer some potential as a tool for farmer-led crop improvement.
Mass selection can also be used to improve grain protein content. Since protein content is correlated to a darker colour of the grain [52, 53] , protein improvements of the population can be made via colour sorting. For the process of colour separation, machines can be used that usually detect and remove ergot and stones from grain samples [52] . Thus, simple methods such as sieving or colour-separating grain enable farmers to increase the yield and quality of genetically diverse cereal populations.
The success of mass selection depends on the presence of sufficient diversity, but at the same time, mass selection leads to a potentially large decrease in diversity if only a particular selected fraction is maintained. This is particularly relevant when there is only little seed that is subjected to mass selection, because the risk is high that potentially useful genotypes are lost. For this reason it is sensible to use mass selection in early generations only when sufficient quantities of seed are available, so that maximal diversity is retained in the population.
Manual selection can be positive or negative. Positive selection is the process of singling out individual plants or ears in the population and manually collecting them for use as seed in the next season. The selection could either focus on one or several particular characters. Similarly, it could target a narrow or wider range of ideotypes. The advantage of positive selection is that it is both flexible and targeted. On the other hand, the resulting amount of seed is relatively small unless collection efforts are greatly increased. Further, the selection is necessarily based on the plant's performance in one particular year only, thereby being at risk not to be representative and being influenced by potential idiosyncrasies of the year.
Negative manual selection removes individual plants or ears of undesired habit from the population so that only the remaining plants contribute to the next year's seed. For example, very tall and very small plants could be taken from the growing crop, in order to narrow the height range of the population. A further important problem is that as negative selection eliminates all unwanted phenotypes from a given population at particular developmental stages of the plant growth, it disregards the value of the still invisible recessive characters. However, a key advantage over positive selection is that it maintains higher levels of genetic diversity in the population. Thus, normally negative selection is used for improving gene bank accessions in the phase of regeneration, in landrace improvement, and also in early CCP improvement, especially in case when male sterile components are involved in the combinations. Using negative selection, several populations have been improved during the last few years in Martonvásár (Hungary). This has resulted in one new registered emmer (Triticum dicoccum) variety Mv Hegyes (Kovács unpubl.) While in conventional breeding, artificial selection is (or at least should be) based on information gathered over more than one year, manual and mass selection of populations are based on the phenotypic appearance in just one year. This practice therefore bears the risk of losing potentially important genetic material from the population through idiosyncratic year effects. When the aim is to keep diversity in the population, additional selection should therefore not act too strongly.
Options for Use in Breeding, Growing and Marketing
After having gone through several generations of natural or mass selection, diverse crop populations provide a valuable resource for both conventional and further population breeding. When single ears are selected and sown in 'ear rows', evaluation of individual genotypes can take place, eventually resulting in the selection of new breeding material or even ready-to-use lines. However the strength of evolutionary breeding is its compatibility with participatory approaches to plant breeding [16] . Again, there are several options. Each farmer could develop a separate population without interacting with other farmers. Alternatively, farmers in a region could all share the same population by pooling seed from each farm and re-distributing it; or, as a compromise, there could be occasional regional exchange of seed between different populations. While exchange would maintain higher levels of diversity in the population, separation would favour faster divergence and, possibly, local adaptation.
Using CCPs as a source for new material in conventional breeding programmes has been especially suggested when the goal is to breed for low input systems [54] . However, it is not correct to assume that a CCP will per se produce genotypes that have a high pure stand yielding ability in the prevailing environment.
Options for the end use of genetically diverse crop populations strongly depend on the qualities of the parent material, for example whether a wheat population is intended to be used for bread making or animal feeding purposes. However, most if not all crop populations share as a characteristic property that individual plants (and grains) within the populations display a high degree of diversity in appearance and quality. Therefore, the past experience that variety mixtures were not readily accepted by the food processing industry indicates that some (perceived) problems need to be overcome to introduce more genetic diversity into cropping systems.
Perhaps the most central feature of evolving crop populations is their adaptability to local conditions, although the extent of this adaptability in relation to defined eco-geographic regions is currently not yet established. Therefore, the potential of locally or regionally unique populations is suggestive of regional, rather than global, marketing paths for population-based products [21] . Thus, by creating locally or regionally unique crops with their own 'terroir', evolutionary breeding is in line with a re-connection between producer and consumer on a regional level, although some crops such as vegetables would possibly lend themselves more easily to this idea than cereal grain processed for bread making. For this link to be made, a requirement is that the evolutionary breeding process should be de-centralised, i.e., that populations are developed on-farm rather than being maintained centrally and distributed to multiple locations.
A SWOT Analysis of Evolutionary Breeding
In a SWOT analysis the first step is the definition of an objective after which the strengths, weaknesses, opportunities and threats of particular strategies to reach that objective can be analysed and discussed. Strengths (resp. weaknesses) are defined as internal factors, inherent to a strategy, that are favourable (resp. unfavourable) to achieve the defined objective and provide an advantage (resp. disadvantage) over other approaches. Opportunities (resp. threats), on the other hand, are external factors, coming from outside, that are favourable (resp. unfavourable) to achieve the objective.
The objective we define here is to increase the resilience of agricultural production in the face of increasing biotic and abiotic stresses. Resilience is understood as the ability of a system to remain functional when under external stress [47] , for example to produce acceptable yield levels when the availability of resources decreases or when climatic conditions become more extreme. This ability can involve structural, lasting changes of the system in response to the stress factors. Thus, the notion of resilience is similar to the several concepts of stability in agronomy [30] , but goes beyond these, as it stresses the adaptability of a system to changing conditions.
In Table 2 we compare three strategies: (1) pure line varieties for use in monocultures; (2) static diversity created anew each year as in varietal mixtures; and (3) evolving diversity, where genetically diverse crop populations (varietal mixtures or CCPs) are subjected to natural selection. In the left column of Table 2 we summarize the strengths, weaknesses, opportunities and threats of static diversity relative to pure line varieties. In the middle column we outline the relative advantages and disadvantages of evolving diversity when compared to static diversity. Some of the entries are direct contributors to the objective of increased resilience, others are more indirect. Here we briefly discuss what we believe are the key points in this SWOT analysis.
A main strength of evolutionary breeding that goes beyond benefits of static diversity is the large number of genotype by environment combinations that can simultaneously be tested. While conventional plant breeding is also able to create adaptation to changing conditions, in that it continuously creates new varieties to bring into the market, it is very limited in three aspects: (a) there is a limitation to the number of environments where the actual selection can be done; (b) the number of genotypes available for selection is restricted, since the vast majority of genotypes are removed from the population in the F2; and (c) breeding success is hampered in terms of achieving high stability since traits linked to stability appear to have low heritability [12] . Consequently, the within-crop potential for buffering against unpredictable change is limited. More importantly, in conventional breeding, genotypes potentially well adapted to stress conditions are likely to fall through the net and are discarded. Table 2 . Strengths, Weaknesses, Opportunities and Threats (SWOT) analysis, comparing to monoculture approach: no diversity, no evolution; (no diversity means evolution is not possible). One of the major weaknesses of evolutionary breeding is the potential of seed borne diseases building up over time. The reason is that before fitness related changes in the population can take effect and limit any further disease increase, the infection level may already be much higher than tolerable infection thresholds. This is particularly so for pathogens against which resistance is rare or even completely absent in the population. Because conventional cereal breeding is currently giving low priority to seed borne diseases [55] , resistant and agronomically appropriate genotypes to compose a population may be difficult to obtain. As a consequence, to ensure high seed quality (hygiene), measures such as seed treatments or rotational control [55] must be put in place on farm , but these will necessarily entail some costs. As a consequence, there are benefits in partly centralizing seed maintenance and multiplication in a regional cluster approach: population seed would be multiplied and maintained on one site where special care is taken to ensure seed health, and the seed is subsequently given to several farmers in the region (or, more accurately, to farms which are similar in their growing conditions as the maintenance site).
Opportunities and threats for evolutionary breeding approaches are harder to pin down. While there is an increasing realization of the importance of diversity for delivering ecosystem functions in agriculture, mainstream policies are still strongly focusing on high input and monoculture approaches to respond to the global pressure factors that affect agricultural production.
What are the consequences of the SWOT analysis for the evaluation of evolutionary breeding as a strategy to achieve more resilience of agricultural production? Clearly, evolutionary breeding has something novel to offer but its role is a complementary one: It cannot be the only strategy of breeding; as a single strategy of plant breeding it would be relatively slow and inefficient. Conventional breeding (as well as other novel breeding approaches) needs to be integrated into evolutionary breeding to maximize its benefits: Most fundamentally, evolutionary breeding should make use of the advances of modern variety breeding by using modern high performance varieties as parents.
In any case, evolutionary breeding will be restricted to annual grain crops. In plants where seeds (and reproductive fitness) are not tightly correlated with human breeding goals (e.g., root and leaf crops), evolutionary breeding is not a useful option. Even for cereal plants, there are restrictions: for example, using the whole plant for forage or as a cover crop, rather than only using the grain is not easily integrated in the process of evolutionary breeding as the plants are cut much before the grain is ripe. In this case, a part of the field would have to be left uncut to provide seed for the next generation. Also for plants with biennial life cycles or perennial species the path of evolutionary plant breeding would take too long. However, an exception might be most stressful environments with strong selection pressure, which re-establishes the link between root or leaf biomass and reproductive fitness which would prove useful for non-grain crops. Also for plants with biennial life cycles or perennial species, the path of evolutionary plant breeding would take too long.
What are the most appropriate actions emerging from the analysis? Few scientific papers forego the opportunity to emphasize that 'more research is needed'; accordingly, we could stress the need to answer some urgent questions (e.g., regarding the relation of parent material, diversity and adaptability to stressful and variable environmental conditions). However, we believe that the most important barrier to development in this area is the outdated legislation that currently 'prohibits evolution' [56] .
Nevertheless, caution is needed when introducing new legal rules for trading of population seed. In particular, because of the changing and diverse nature of evolving crop populations, it is difficult to establish visually whether the population identity as claimed by the trader is indeed true. For example, if a crop population is claimed to have adapted to certain conditions over several generations, accidental or deliberate dilution of the seed by an admixed pure line variety would be hard to detect. Adjusted seed certification schemes will therefore need to be developed to achieve protection of the party receiving the population seed.
Novel Approaches: Beyond Single Crop Populations
Evolutionary breeding is characterised by an inherently large complexity, even for a single population of one crop species in one location. This challenging situation has resulted in past research mainly focussing on relatively simple systems. However, the concept of evolutionary breeding can and should be expanded to more complex conditions. We believe that to create more resilient agro-ecosystems it will be useful to try and adopt evolutionary breeding approaches in an extended range of new environments and with species and genotypes. Regarding the interactions of evolving crop populations with their environment we see five areas for potential development.
Broadening Environmental Variation
The first area is the extension of environmental conditions in which populations are grown. Developing continuous targeted responses to climate change requires extending these environments to the more extreme ends of the spectrum. Here, the idea is to create highly diverse populations from a large number of parents with dissimilar genetic backgrounds and subject the offspring of these crosses to strong stressors (drought, salinity, pests and diseases etc.) so that selection pressure is high.
Integrating with Farm Management Practices
Secondly, evolutionary breeding should be more intimately integrated with 'packages' of farm management practices. For example, for the integration of rotational aspects evolutionary plant breeding offers the possibility of selecting for optimized responses to given pre-crops. Similarly, options of mechanical weed control can be integrated as a factor exerting selection pressure on the evolving crop. These two simple examples highlight that in comparison to evolutionary breeding more centralised plant breeding approaches would have difficulty in responding as flexibly to the large diversity of farming practices.
Co-Breeding
A further idea of how to expand the concept of evolutionary breeding is co-breeding. Generally, growing different genotypes together results in a selection for higher ecological combining ability [18] . Rather than growing a crop population as a species-monoculture (albeit with high intraspecific diversity), it can also be grown as an intercrop or mixed crop with a second species in the same field. In this case, the intercrop (such as an undersown clover or ley mixture), exerts selection pressure on the population, e.g., by competing for commonly used resources such as water. However, positive interactions between the two crops can also have selecting effects on the population, if different genotypes within the population have differing abilities to use this beneficial relationship. It is also conceivable to grow populations of two different cereal species together, provided they have sufficiently similar harvest dates, e.g., mixtures of barley and oats.
Broadening of the Genetic Base for Initial Crossings
Modern hexaploid wheat originated by natural hybridisation of tetraploid cultivated emmer wheat with the diploid goat grass Aegilops tauschii. Cultivated emmer was domesticated from a wild progenitor T. turgidum ssp dicoccoides, which was derived by an interspecific hybridisation of two diploid progenitors, T. urartu and an unconfirmed diploid species related to Ae. speltoides. While this general pathway of the evolution of hexaploid bread wheat is well understood by cytogenetic and molecular genetic studies, the intensity of the founder effect conferred by both polyploidisation incidents remains unclear. One new pathway for introducing new genetic diversity into the bread wheat gene pool is the reconstitution of hexaploid wheat by interspecific crosses [57] . Since the early 1990s CYMMIT has focused largely on interspecific hybridisation between the diploid Ae. tauschii and tetraploid durum wheat to create synthetic hexpaloid wheat (SHW) [58] . Several hundred spring habit SHW lines have been produced, and many of them are successfully used in CYMMIT's wheat breeding programme. Thus, interspecific crosses could also be used to broaden the genetic base at the beginning of the evolutionary breeding process. Again, however, if organic agriculture is the target market, the compatibility of intraspecific or intrageneric crossing with organic plant breeding principles needs to be explored.
Pick and Mix: Combination of Populations with Mixtures and Monocultures
On a more practical level, crop populations can also be mixed with high performance pure line varieties to make simultaneous use of the variety's specific properties (e.g., high yield and/or quality) and the stabilising effects of the diverse population. However, research is needed to establish how the advantages and disadvantages of pure line cultivars, mixtures and evolving populations would combine when grown together. In any case, to realise any synergies that would emerge from combining the different approaches, changes need to be made to the legal system of trading seed.
Conclusions and Outlook
Benefiting from a long research tradition, evolutionary plant breeding is, in many respects, already a well understood breeding approach. With agricultural production facing the double challenge of mounting pressure from various stressors and increasing unpredictability of growing conditions, the benefits that evolutionary plant breeding has to offer are currently coming into sharper focus. Therefore it is timely that during the last decade several initiatives have (re-)introduced the concept of evolutionary breeding into larger scale on-farm research [59] . However, for two reasons a further expansion into agricultural practice is necessary.
First, when evolutionary plant breeding remains within a research framework only, its social implications cannot be explored. In particular, society's attitude towards biological diversity, its changing relationship with local food production and artisanal vs. industrial food processing, and the issues of intellectual property rights for agricultural plant material are all intricately linked with the concept of evolving and locally adapting plant populations. Only if evolving diversity is allowed to enter practice, will we be able to realise its potential. Second, as our SWOT analysis has shown, evolutionary plant breeding has some problematic aspects too. To assess the true potential and the limitations of this breeding approach it is necessary to expose it to the litmus test of farming practice.
Finally, evolutionary and conventional ('non-evolutionary') plant breeding approaches need to collaborate more closely with each other, by exchanging both ideas and plant material, while continuing to critically assess breeding techniques. One area for potential collaboration is seed borne diseases such as bunts and smuts. Evolutionary plant breeding depends on progress in control of seed borne diseases which might otherwise become its Achilles heel. In turn, however, we predict that in a rapidly changing and increasingly fluctuating environment conventional plant breeding approaches will also depend more and more on advances made by evolutionary plant breeding.
